only between Wistar and HAD-1). Volume of distribution ( ϳ 2.5-3 l/kg) and the half-life ( ϳ 1 h) were similar. Urinary elimination of naltrexone was small, but also showed differences between the rats: HAD-1 1 LAD-1 1 Wistar, but with a statistically significant difference only between HAD-1 and Wistar rats. This study has therefore established the baseline disposition characteristics of naltrexone in these strains of rats.
Introduction
Alcohol has been identified as a major societal problem: approximately 7.5% of the US population (about 14 million Americans) abuse and/or are dependent on alcohol. It accounts for about 5% of all deaths in the US, and it costs society about USD 116 billion per year [1] . In spite of the magnitude of its impact on society, there are few treatment options for alcohol dependence and abuse. Treatment methods for alcoholism include detoxifi cation, nonpharmacological (psychosocial) treatment methods and pharmacotherapy, which vary considerably in effectiveness [2] . Only 3 medications are approved for the treatment of alcoholism: disulfiram (Antabuse), naltrexone (REVIA ) and calcium acetylhomotaurinate (acamprosate calcium or Campral ).
Naltrexone represents a treatment option developed following the encouraging preclinical data indicating that alcohol drinking is modulated by opioid receptor activity, and that excessive alcohol drinking could be reduced with opioid antagonists. Naltrexone has been evaluated and approved for the adjunctive treatment of alcoholism [1] in conjunction with psychosocial intervention [3] [4] [5] . However, its oral use is associated with a high early drop-out rate, and its effectiveness appears to be highly dependent on compliance with the dosing regimen [6, 7] . Furthermore, some investigators have suggested the possibility of a polymorphic response to naltrexone in patients [8, 9] , which has been attributed to the existence of allelic variants of -opioid receptor gene [4] . It is unclear, however, if the effect of the allelic variants of the -opioid receptor gene will be on the pharmacodynamic response to naltrexone (different sensitivity) or the pharmacokinetics of naltrexone (different exposures). Also, when orally administered, naltrexone is highly extracted, resulting in low systemic exposure [10, 11] . There are, therefore, significant challenges to successfully using naltrexone in the treatment of alcoholism.
While genotyping has been suggested as a way to address the issue of the polymorphic response to naltrexone, there are no good options currently available to overcome compliance and high-extraction issues. The use of a new formulation with a controlled-release property to reduce frequency of administration could help address the compliance issue, and, if administered by a route that avoids first-pass loss, could significantly improve systemic exposure. The long-term objective of this project, therefore, is to develop new controlled-release formulations (some with a sustained in vivo plasma availability of naltrexone of 1 3 months, and some capable of braintargeted delivery of naltrexone) that could improve the clinical utility of naltrexone. Efforts have been made to develop a naltrexone controlled-release formulation capable of sustaining the release of naltrexone for 1 month [12, 13] .
We have already embarked on the investigation of colloidal polymeric controlled-delivery systems for naltrexone. We reported previously on the design of naltrexoneloaded hydrolyzable cross-linked nanospheres suitable for targeted drug delivery [14] for the treatment of alcoholism and opiate addiction. We have extended the work to microspheres: drug delivery devices capable of sustaining the availability of naltrexone for up to 3 months.
As a prelude to evaluating some of these formulations in selectively bred rat lines that reliably exhibit high and low voluntary alcohol consumption, high-alcohol-drinking (HAD-1) and low-alcohol-drinking (LAD-1) rats [15, 16] , we characterized the pharmacokinetic profiles of naltrexone in these rats to establish baseline profiles. The rationale for this is that significant interspecies differences in the metabolism and pharmacokinetics of naltrexone have been reported [11, [17] [18] [19] [20] . Thus, the understanding of the behavior of these formulations in these rat strains requires appropriate baseline characteristics of naltrexone disposition in these animals. Selectively bred lines of rats are often used to study alcohol-drinking behavior, and a lot of progress has been made in understanding human alcoholism based on animal research using various models including LAD-1 and HAD-1 lines of rats. However, there is paucity of information on the disposition of naltrexone in the selectively bred lines of rats exhibiting different capacity for alcohol consumption. The HAD-1 rats have been selectively bred on the basis of their preference for 10% (v/v) ethanol solution with water and food concurrently available. Moreover, it has been reported that HAD-1 rats display an alcohol-induced enhancement in locomotor activity, which is not observed in their companion LAD-1 selected line [21] . Aside from the differences in the responsiveness of HAD-1 and LAD-1 rats to alcohol, which have been attributed to genetic differences in reward-related neural circuitry [15] , they have exhibited differences to other palatable conventional reinforcers. HAD-1 exhibited a greater preference for 0.1% (w/v) saccharin solution [22] and sucrose solution [22, 23] . Studies on the differences in the phenotypic characteristics of the neurotransmitter systems of the rats selected for high and low alcohol preference revealed consistent differences in the mesolimbic dopamine reward system, serotonin, GABA ( ␥ -aminobutyric acid), endogenous opioid and neuropeptide Y systems [15] . Although complex genetic factors as well as environmental variables contribute to alcohol-drinking behavior, the differences in voluntary alcohol consumption and other behavioral characteristics in selectively bred rats are believed to be largely due to innate differences attributable to genetic factors. Extensive discussions on selectively bred rat models of alcoholism can be found in the work of Li and colleagues [15, 16] .
A control group of the native strain from where these rat lines were developed (outbred Wistar rats with no history of alcohol consumption) was also included in this study, to assess profiles in the alcohol-drinking rats. The hypothesis is that HAD-1 rats, LAD-1 rats (both developed through selective breeding) and Wistar rats with no history of alcohol drinking will differ in the disposition of intravenously administered naltrexone. Given the reported possibility of a polymorphic response to naltrexone in patients [8, 9] , and the fact that allelic variation at 
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-opioid receptor gene has been associated with a differential response to -receptor antagonist [4] , one could speculate that HAD-1 rats would require higher levels of naltrexone to show a similar response to LAD-1 rats. However, HAD-1 rats would be expected to have lower clearance than LAD-1 rats to achieve this higher exposure. Thus, the speculated differences in the disposition of naltrexone in these rats, if established, would suggest the need to vary the dosing levels of naltrexone in genetically predisposed alcoholics. Further, the idea of a 'one size fits all' approach in the dosing of naltrexone would need to be revised and changed.
Methods

Materials
Naltrexone hydrochloride was obtained from Mallinckrodt (St. Louis, Mo., USA). Naloxone hydrochloride and 6 ␤ -naltrexol hydrochloride were provided by National Institute on Drug Abuse/National Institutes of Health (NIH). High-performanceliquid chromatography (HPLC) -grade acetonitrile (99.9%) and analytical-grade ammonium dihydrogenphosphate, perchloric acid (70%), L -cysteine and EDTA-Na 2 were obtained from Aldrich (Milwaukee, Wisc., USA). Monobasic anhydrous potassium phosphate (KH 2 PO 4 ) was purchased from Sigma (St. Louis, Mo., USA). Analytical-grade chloroform, 2-propanol and sodium chloride were all obtained from Fisher Scientific (Fair Lawn, N.J., USA). HPLC-grade phosphoric acid (85 wt. %) was from Aldrich.
Experimental Design
The experimental design used was a randomized complete block design, with type of rat as the treatment. Six blocks were used (6 rats for each treatment).
Animals
Male Wistar rats (weight: 275-300 g) were purchased from Ace Animals (Boyertown, Pa., USA). The 7-week-old male HAD-1 (weight: 237-280 g) and LAD-1 (weight: 230-260 g) rats used in this study were from Indiana University Medical Center. The rats were housed in individual acrylic cages in a temperature-controlled room (constant temperature: 22 8 1 ° C in a 12-hour light/12-hour dark cycle) at the Veterinary Services Department, Howard University Medical School. They were provided with food and water ad libitum. The rats had at least a 1-week acclimatization period in the animal room before the beginning of experiments. Each type of rat comprised 12 rats that were divided into 2 groups (n = 6 per group) for 2 studies carried out in parallel as follows: 6 for the plasma pharmacokinetic study and 6 for the urinary excretion study. The experimental procedures were approved by the Institutional Animal Care and Use Committee of Howard University (protocol number IACUC-PNAH-02-06), and were conducted according to NIH guidelines.
Sample Collection
Rats were anesthetized with isoflurane and cannulated in the right jugular vein with a polyethylene catheter (PE 60, Silastic medical-grade tubing, Dow Corning, Midland, Mich., USA; 0.51 mm i.d. ! 0.94 mm o.d.). The catheter was exteriorized to the dorsal side of the neck, and the exposed area was closed using a surgical suture. The catheter was kept patent with saline containing 100 g/ml (17 USP units/ml) heparin. After recovery from the anesthesia, each rat was then housed (1 per cage) within a temperature-controlled environment with a 12-hour light/12-hour dark cycle overnight, with free access to food and water.
On the day of the study, about 300 l of whole blood was withdrawn into an Eppendorf tube from the right jugular vein as a blank control [24] . The Eppendorf tube contained 30 l of 0.5 M EDTA-Na 2 dissolved in phosphate-buffered saline (pH 7.4), as an anticoagulant. Naltrexone hydrochloride dissolved in saline (2.22 mg/kg) was injected into the same vein, and then flushed with 0.5 ml saline. Blood was withdrawn at the scheduled time (2, 5, 10, 20, 40 min, and 1, 1.5, 2, 4, 7, 10, 24, 48 h) and centrifuged immediately at 5,800 g for 10 min to obtain the plasma. The plasma sample was stored at (-20 ° C) prior to analysis, which was within 2 weeks.
For the urine group, the rats were kept in a Nalgene metabolic cage system (Fisher, Pittsburgh, Pa., USA) immediately after the naltrexone hydrochloride injection (2.22 mg/kg). Urine was collected as follows: 0-12, 12-24 and 24-48 h (the cage for urine collection was rinsed with 20 ml of water; the washings were combined with urine samples). The exact volume of urine output and the pH were measured. After centrifugation, an aliquot of the collected urine was stored in the freezer (-20 ° C) prior to analysis.
Extraction of Naltrexone from Plasma and Urine Samples
Naltrexone was extracted from plasma and urine by a modification of the methods of O'Connor et al. [24] . Briefly, a 180-l aliquot of the plasma or diluted urine (12.5 ϳ 25-fold) sample was added to 20-l of 1.0 M perchloric acid containing 0.1 M L -cysteine and 0.1 M EDTA-Na 2 in an Eppendorf tube. For the assay of conjugated naltrexone, urine samples (containing 20-l of 1.0 M perchloric acid) were hydrolyzed by incubation at 37 ° C for 24 h to liberate free naltrexone from the conjugates. The difference between the results from hydrolyzed and unhydrolyzed samples was taken as 'conjugated naltrexone' or 'conjugated 6 ␤ -naltrexol'. After addition of a 20-l naloxone working solution (5 g/ml) as an internal standard, 200 l of 0.1-M ammonium dihydrogenphosphate solution (pH 8.6) was added. The tube was capped and briefly vortexed. The mixture was extracted by shaking with 1 ml of chloroform:2-propanol (9: 1, v/v) solvent for 30 min at 40 ° C. The mixture was separated into 2 phases by centrifugation (11,000 g for 10 min) at room temperature, and the organic phase was transferred carefully to a clean Eppendorf tube. The contents of the tube were evaporated to dryness under a stream of nitrogen using a N-EVAP TM 111 Nitrogen Evaporator (Organomation Associates, Mass., USA) with an OA-SYS TM heating system at 40 ° C of a water bath (about 10-15 min). The residue was dissolved in the mobile phase (60 l), and 20 l was injected into the HPLC for analysis.
Preparation of Standard Solutions
Stock solutions (1 mg/ml) of naltrexone and naloxone (as an internal standard) were separately dissolved in the mobile phase. Working solutions of naltrexone at 0.1, 0.25, 0.5, 1, 2.5 and 5 g/ ml and naloxone at 5 g/ml (internal standard) were made from the stock solutions. The standard samples were prepared by spik-ing blank plasma or urine (180 ul) with the naltrexone working solutions to give final concentrations of 10, 25, 50, 100, 250 or 500 ng/ml of naltrexone. These samples were then extracted as described above. The standards were used to assess the linearity, precision, accuracy and recovery of naltrexone. The calibration standards were freshly prepared with each analysis. The preparation of the standard solutions for urine was the same as carried out for plasma, except that the urine samples were diluted as follows: 1/(12.5-25).
Instrumentation
Chromatographic analysis was performed on an HP series 1100 HPLC system equipped with a G1311A Quatpump, G1322A degasser, G1316A column compartment and G1315A diode-array detector. A model G1328A syringe loading injector fitted with a fixed 20-l loop was used to inject the samples. Separation was achieved on a Zorbax 300 SB-C 18 column (4.6 ! 250 mm i.d., 5 m), coupled with a guard column packed with the same material (4.6 ! 12.5 mm, i.d., 5 m; Agilent, Santa Clara, Calif., USA). The column temperature was maintained at 37 ° C. For plasma analysis, the mobile phase comprised 88% (20 mM KH 2 PO 4 buffer, pH 3.1, adjusted with phosphoric acid) and 12% acetonitrile; however, for urine analysis 84% (20 mM KH 2 PO 4 buffer, pH 3.1), and 16% methanol mixture was used as the mobile phase, following preliminary studies, to avoid interference peaks from control urine. A flow rate of 0.8 ml/min and a UV wavelength of 202 nm were used.
Assay Validation
The HPLC assay method was validated for 3 days in terms of linearity, recovery, precision and accuracy. Linearity for calibration standards in 6 replicates were assessed by subjecting the spiked concentrations 10-1,000 ng/ml (for naltrexone), and the respective peak area ratios to a least-square regression analysis. For determination of the accuracy and precision, standards at low (10 ng/ml), medium (100 ng/ml) and high (500 ng/ml) concentrations were analyzed in 2 replicates for 3 different days (n = 2 ! 3 ! 3 = 18). Inter-and intra-batch precisions, in terms of the percentage of relative standard deviation (RSD), were obtained by subjecting the data to 1-way analysis of variance. Intra-and interbatch accuracy was determined by calculating deviation from the theoretical concentration.
Pharmacokinetic Study and Statistical Analysis
Plasma concentration-time data of unchanged naltrexone were analyzed by noncompartmental methods using WinNonlin 4.0.1 (Pharsight, Mountain View, Calif., USA). Analyses of variance with F tests of significance were carried out on the pharmacokinetic parameters, and the pairwise comparison test was used to locate specific differences. The level of significance was set at 0.05. Statistical analyses were carried out using Minitab Release 14 (Minitab, State College, Pa., USA).
Results
Chromatography
The analytical method produced well-resolved peaks of naltrexone and naloxone from each other and other endogenous components of plasma and urine ( fig. 1 ). This condition enabled the quantification of naltrexone by this method. The retention times were 6.9 min for naltrexone and 5.5 min for naloxone. Typical chromatograms of: a Analytical standard containing 500 ng/ml naltrexone and 500 ng/ml naloxone. b Drug-free rat plasma. c Rat plasma containing 500 ng/ml naltrexone and 500 ng/ml naloxone. d Rat plasma sample taken at 5 min after 2.22 mg/kg intravenous injection of naltrexone hydrochloride.
Absolute recoveries of naltrexone in 6 replicates in 1 day were 72.8, 105.4 and 91.4%, respectively, for concentrations of 10, 100 and 500 ng/ml. The coefficient of variation (CV) ranged from 2.1 to 15.9% ( table 1 ) . The recovery of naloxone (internal standard) from the extracted plasma at the concentration of 500 ng/ml used in this experiment was found to be 87.4 8 3.4% (n = 18).
The intra-and inter-run precision and accuracy are presented in table 2 . The RSD for naltrexone were within 8 17.19% at the 3 concentration levels. The observed intra-and inter-assay accuracies were lowest at 10 ng/ ml.
Pharmacokinetics
Plasma. Naltrexone was quantified in plasma samples from all the rats only up to about 4 h. Subsequently, the levels were below the limit of quantification of the assay (4 ng/ml). The plasma concentrations of naltrexone declined in a multiphasic manner with a distinctly more rapid initial (distribution) phase and a later slower (elimination) phase. The profiles were similar for the 3 different types of rats ( fig. 2 ) . Table 3 shows the average plasma naltrexone concentrations.
A comparison of the estimated pharmacokinetic parameters revealed that most of the parameters were comparable between the different types of rats. However, some parameters [clearance, exposure (area under the curve; AUC) and the dose-normalized AUC] were statistically significantly different between the rat types ( table 4 a). Table 4 b shows a typical analysis of variance. There was a significant difference in clearance, AUC and dose normalized-AUC parameters between HAD-1 and Wistar rats, but not between LAD-1 and Wistar rats on the one hand and HAD-1 and LAD-1 rats on the other hand ( table 4 c).
Urine . In a parallel experiment, urine samples from Wistar, LAD-1 and HAD-1 rats, after a similar dose (2.2 mg/kg) of naltrexone hydrochloride, were analyzed to as- sess urinary recovery of naltrexone and its metabolite 6-␤ -naltrexol. Both free and conjugated forms of the compounds were quantified. 6 ␤ -Naltrexol was not detected in the urine samples from any of the 3 types of rat; hence, the assay validation procedure was not described. The administered dose was recovered mostly in the form of free naltrexone in all 3 types of rat ( table 5 ) . Some were also found in the conjugated form, but less than the free form. The majority of the excretion occurred within the first 12 h of collection, with little additional recovery up to 48 h.
Analysis of variance with the F test of significance was carried out on the free naltrexone, conjugated naltrexone and total naltrexone excreted, and the pairwise compari- Total cumulative % naltrexone excreted is significant with HAD-1 > Wistar, but no significant differences between Wistar and LAD-1 rats and also between HAD-1 and LAD-1 at 5% level of significance.
Free cumulative % naltrexone excreted is significant with HAD-1 > Wistar, but no significant difference between Wistar and LAD-1 rats and also between HAD-1 and LAD-1 at 5% level of significance.
Total cumulative % conjugated naltrexone excreted is not significant (i.e. no significant difference between Wistar, LAD-1 and HAD-1 rats at 5% level of significance).
son test (Tukey simultaneous test) was used to locate specific differences in cases where a statistically significant difference was found. Statistically significant differences among the selectively bred LAD-1 and HAD-1 and the unselected Wistar rats were found in total and free naltrexone, but not in conjugated naltrexone ( table 5 ) . The pairwise comparison test shows that the difference between the mean cumulative percentage of total naltrexone excreted in the urine might be due to differences between Wistar and HAD-1 rats, but not between Wistar and LAD-1 rats or LAD-1 and HAD-1 rats. Also, the pairwise comparison test shows that the difference between the mean cumulative percentage of free naltrexone excreted in the urine is different for Wistar and HAD-1 rats, but not different for Wistar and LAD-1 rats or LAD-1 and HAD-1 rats.
Discussion
Naltrexone Plasma Concentration-Time Data
There is a lot of interspecies variability in the reported pharmacokinetics of naltrexone in the literature. In fact, this interspecies variability led to the decision to study the disposition of naltrexone in unselected Wistar rats and the selectively bred LAD-1 and HAD-1 rat lines. This study will provide background information for the pharmacokinetics of naltrexone in our laboratory for these strains of rats, which will be used as a reference for subsequent work in the effort to assess the disposition of naltrexone controlled-release dosage forms. Moreover, various compartmental models have been used to analyze the data on the disposition of naltrexone in different animal species [11, 18, [25] [26] [27] [28] , which could have contributed significantly to the reported variability in its pharmacokinetics. We employed a noncompartmental approach for pharmacokinetic data analysis in this work to avoid any such contribution to variability.
Naltrexone demonstrated a profile characterized by high clearance that is close to or higher than hepatic blood flow in the rat. This result suggests the possibility of other routes of elimination than the hepatic contributing to the elimination of naltrexone. Recovery of free naltrexone in urine suggests that urinary elimination, though minor, could be one of these extra-hepatic routes of elimination. Naltrexone also displayed a large volume of distribution ( ϳ 2.5-3 l/kg) indicating the possibility of extensive distribution into tissues. The half-life was about 1 h.
There was a significant difference in the clearance of naltrexone between the different types of rats. The trend was HAD-1 ! LAD-1 ! Wistar, but the difference was only statistically significant between HAD and Wistar rat types. Similar trends of statistical significance were seen with AUC and dose-normalized AUC. This trend suggests that the level of alcohol drinking has an effect on the clearance of naltrexone from rats. The exact mechanism responsible for this is unclear, but the results suggest that the effect might be due to an effect on hepatic elimination of naltrexone. This result is consistent with observations that have been made showing that hepatic metabolic capacity is compromised in alcoholics, with a resultant reduction in the clearance of compounds eliminated through hepatic metabolism [29] . However, given that these rats have not been chronically exposed to alcohol (though one of the criteria proposed for an animal model of alcoholism is chronic ethanol consumption which should lead to the expression of metabolic and functional tolerance and chronic consumption of ethanol which should lead to dependence, as indicated by withdrawal symptoms after access to ethanol is terminated [15, 30] ), the possibility of a linkage between genes coding for alcohol drinking and those responsible for metabolizing enzymes may account for the difference in naltrexone disposition. Further, a combination of selective breeding with DNA microarray analysis has been found to show consistently significant differences in gene expression in the hippocampus between inbred alcohol-preferring and inbred non-alcoholpreferring rats [31] . Gene expression profiles have also been generated from 4 key regions involved in dependence: cingulated cortex, nucleus accumbens, amygdale and hippocampus. About 30-50 genes per region were identified whose expression is specifically altered in the alcohol-preferring (AA) rats compared with non-alcoholpreferring (ANA) and Wistar rats [31] .
A difference was also observed in the urinary elimination of naltrexone, even though the overall urinary elimination was very low ( ! 10% of dose). The observation was that more naltrexone was eliminated in HAD-1 rats than in Wistar rats, with no difference between LAD-1 and Wistar rats. The observation is contrary to the trend seen in clearance, where HAD-1 rats had lower clearance. However, given that hepatic elimination is believed to be the major route of elimination, the decrease in overall clearance in HAD-1 rats, presumably due to reduced hepatic elimination, could mean that more naltrexone is available for urinary excretion, and hence the higher urinary elimination observed in these rats. This is consistent with the higher exposure (AUC) seen in HAD-1 rats.
Urinary Naltrexone Excretion Data 6 ␤ -Naltrexol was not detected in the urine from any of the 3 types of rat investigated in this study, which is in agreement with earlier reports that 6 ␤ -naltrexol is not a major metabolite of naltrexone excreted in the urine of rat, dog and mouse [17, 32] . However, 6 ␤ -naltrexol is a major metabolite of naltrexone in humans [33, 34] . All these reports point to the acknowledged significant interspecies differences in the quantitative pattern of the metabolism of naltrexone.
The cumulative total percentage of naltrexone (free plus conjugated) excreted in the urine was very small: 3.1 8 0.8% for Wistar rats, 4.8 8 2.0% for LAD-1 rats and 5.8 8 1.2 % for HAD-1 rats. This result is similar to earlier report indicating that for rats dosed with 100 mg/kg p.o. daily for 365 days, less than 1% of the total administered daily dose appeared in the 24-hour urine collection as naltrexone (free and conjugated) [32] . Furthermore, a higher proportion of the dose has been shown to be excreted in feces than urine [35] . Consequently, the low amount of naltrexone found in the urine may be due to extensive biliary excretion of naltrexone in Wistar, LAD-1 and HAD-1 rats, which eventually found its way out of the body through the feces. This study did not involve assessment of fecal excretion.
Conclusion
This study has characterized the pharmacokinetic profile of naltrexone in Wistar, LAD-1 and HAD-1 rats after a single bolus intravenous dose of 2.2 mg/kg. The results show naltrexone with a very high clearance and a high volume of distribution in LAD-1, HAD-1 and Wistar rats. The level of alcohol consumption appears to have some effect on the clearance of naltrexone, with the clearance lower in HAD-1 rats than Wistar rats, and LAD-1 rats showing a similar trend though it did not reach the level of statistical significance. Urinary elimination of naltrexone was very small and 6 ␤ -naltrexol was not detected in urine. This result suggests that other metabolic pathways and/or elimination in the feces is a major route of elimination of naltrexone in the rat. This study has therefore produced baseline disposition characteristics of naltrexone in these strains of rats, which can now be used as reference against which results of studies with controlled-release formulations of naltrexone can be compared.
